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SUMMARY

OFA

A theoreticalanslysishasbeenmadeoftheeffectof several
auxiliarydampingdevicesonthelateralstabilityandcontrollability
ofa high-speedaircraft.Thesystemsinvestigatedincludedstabiliza-
tiondeviceswhichdeflecttherudderor anauxiliaqysurfacepropor-
tionaltotheyawingveloci~,rollingvelocity,orrollingacceleration
andonewhichdeflectsbothaileronandrudderproportionaltothe
rollingvelocity.An idealizedcontrolsystemwithoutphaselagwas
assumedfortheanalysis.

Thepresentinvestigateionindicatedthateachoftheassumed
stabilizationsystemsiscapableof improvingthedsmpingofthelateral
oscillationsoftheassumedaircraft.Thesystem’whichdeflectedthe
rudderproportionaltoyawingvelocitymadenecessaryincreasedpedal.
forcesin steadyturns,andthesystemswhichdeflectedtherudderor
rudderandaileronsproportionalto rollingvelocity rewtied ~t~~ .
rudderdeflectionstomaintainzerosideslipsubsequentto anapplied
rollingmoment.Thesystemwhichdeflectedtherudderproportionalto
rollingaccelerationintroducedadverseyawsuhsequentto appliedyawing
orrollingmoments. ‘,

Recentlymuch
devicesasa means

IN17RODWTIQN

interesthasbeenshowninautomaticstabilization
of improvingthedamp@ ofthelateral.oscillation

of someaircraftdesignedfortransonicandsupersonicflight.The
investigationsreportedinreferences1 to 3 wereconcernedprimarily
withtheeffectofthesedeticesonthedampingoftheaircraftlateral
oscillation,withlittleorno emyhasisontheproblemoflateral
controll@ili@.Investigateion,therefore,oftheeffeetofa nuriber
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of stabilization.qystemsonthelateralcontrollability,aswellas
oscillatorydamping,ofpresent-dayhigh-speedaircraftseemeddesirable ~
sticebothfactorsaresignificantina pilot’sevaluationoftheflying
qualitiesofsaaircraftequippedwitha particularstabilizationsystem.

Thetyp of stabilizationdeviceswhichareanalyzedarethose
whichdeflecta controlsurfaceproportionaltotheangulsrvelocityin
eitheryaworroll,orto_oneoftheirttiederivatives.Theassumption
ismadethatthereiszerophaseshiftinthestabilizationsystem,and,
thatthestabilizationsystemgainisindependentof frequency.

Theresultsofthisinvestigationarepresentedintheformof
aircraftmotionssubsequentto rudderorailerondeflectionsCOIIIPari.SOIM
ofthetimeto dampto halfamplitudeandtheperiodofthelateral
modesofmotions,sadplotsoftheruddermotionrequiredtoperforma
perfectlycoordinatedturnfora givenailerondeflection,foreach
stabilizationsystemdiscussed. Inaddition,theeffectofeachassumed
stabilizationsystemontheratioof ailerondeflectionto rudderdeflec-
tionreqtiedfora steadyturning

SYMBOISAND

b

s

w

maneuveris discussed.

comIclENTs

angleofroll,radians

angleofyaw,radians

angleof sideslip,radians(v/v)

yawingangularvelocity,radianspersecond(d~/dt)

rollingangularvelocity,radianspersecond(d@/dt)

sideslipveloci~alongY-axis,feetpersecond

airspeed,feetpersecond

massdensityofair,slugspercubicfoot

()
+2dynamicpressure,poundspersquarefoot z

~ span,feet

wingsxea,squarefeet

weightofairplane,pounds

.— —.—. . .. —.— .-
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kxo

kzo

Kxo

f

Kzo

Kx

Kz

Km

()%Z m

CL

cl

massofairplane,slugs (w/g)

accelerationdueto gravity,feet

relative-densityfactor(m/@b)

persecondpersecond

inclinationofprincipallongitudinalaxb ofairplanewith
respsctto flightpath,positivewhenprincipalaxisis
aboveflightpathat nose,degrees.

angleof flightpathto horizontalaxis,positiveinclimb,
degrees

radiusofgyrationinrollaboutprincipallongitudinalaxis,
feet

radiusofmat ioninyawaboutprintipal

nontiensionalradius.ofgyrationinroll

vetiicalaxis,feet

aboutprintipal
longitudinalaXiS

( m
kx

nondimensionalradiusof~ation inyawaboutprincipal
verticalsxis (%ZJ)b

nondimensionalradiusof~ation inrollaboutlongitudinal

stabilityaxis
({
KX02COS~ + Kz %&q

o )

nondimensionalradiusofgxrationb yawaboutvertical

stabilityaxis
(~
Kzo<os~ + Kxo2Sill~

)

nondimensionalproduct-of-inertiaparameter

((%02- (’j ) )Kx2sinqcosq

incrementto K= inyawing-momntequationdueto stabiliza-
tionsystem

(vtrimliftcoefficient*

rolling-momentcoefficient
(
Rolling

)
moment

qsb

. .. . . ...—.. — . . .. . . .---- —-------..-—- -.—- --— —-— --— .-—----- --—-. — —---- —-, - —- ---
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(-yawing-momentcoefficient‘a
)

moment
qsb

lateral-forcecoefficient
(
Lateralforce

qs .)

effective-dihedralderivative,rateof changeofrolling-
momentcoefficientwithangleof sideslip,perradian
@CZ/a~J .

directional-stabilityderivative,rateofchangeofyawing-
momeficoefficientwithangleof sideslip,perradian

Waf3

lateral-forcederivative,rateofchangeoflateral-fore

()coefficientwithangleof sideslip,perradianaCY/d3

damping-in-yawderivative,rateof changeofyawing-moment
coefficientwith

(acJg)

incrementto C
4

yawing-angular-velocityfactor,perradian

dueto stabilizationsystem

rateofchsmgeofyawing-momentcoefficientwithrollhg-
QU-velocity fUtOr,perradian (at@)

incrementto C
%

dueto stabilizationsystem

damping-in-rouderivative,rateofchangeofrolling-moment
coefficientwithrolling-angular-velocityfactor,perradian, ,. .

incrementto Cz dueto stabilizationsystem
P

rateofchangeoflateral-forcecoefficientwith

m~-wlocity factor,perradian
(P)
acy*

rateof chamgeoflater”d-forcecoefficientwith

em-velocity factor,perradian (/)
My g

rdMng-

yawing-

-— . . . . .——-- —.. . .... .— -. . .
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coefficientwithyawing-c2r rateof changeofrolling-moment

angular-velocityfactor,perradian (%%)

rudderdeflection,radians

t

aileron

rateof
‘tion,

rateof

deflection,radians

C%r nchange ofya
acn

-momentcoefficientwithrudderdeflec-

Pr ‘dim ~

clfj
r

rollinfj-omet coefficientwithrudder

U

ac
radian

+15r

changeof

deflection,per

rateofchangeof

deflection,per

lateral-forcecoefficientwithrudder
*Y

()‘adia, ~

C%a rateofchangeof

deflection,per

rateofchangeof

deflection,per

yawing-moment’coefficientwithaileron

($acnradian
T

rolling-moment

()
ra&an $

a

coefficientwithaileron

rateof cha&e of

deflection,per

lateral-forcecoefficientwithaileron
[%\radian —

6r

T control-gearingratio,rateof changeofrudderdeflection \
withyawingangularvelocity

0

control-gearingratio,rateof changeofailerondeflection
withrollingangularvelocity

.

.
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control-gearingratio,
withrolling.anguMr

control-gearingratio,
withrollingangular

time,seconds

rateof change
velocity

rateof change
acceleration
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ofrudderdeflection

ofrudderdeflection

nondimensionaltimepsmmeterbasedon span (Vt/b)

()differetiialoperator~
d%

rootofcharacteristicstabilityequation
.

periodofoscillation,seconds

ttieforamplitudeoflateraloscillationor anaperiodicmode
to decreaseby factorof 2

timeforamplitudeoflateraloscillationor anaperiodicmode
to increaseby factorof2

A,B,C,D,E coefficientsoflateral-stabilityequation

EQUATIONSOFMOTION

Thelinearizedequationsofmotion,referredto stabilityaxes,for
my flightconditionsare:

Rolling

(
2~bKx2~~

Yawing

Sideslipping

% (W +

.

.
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Thecontrol derivativesC% , CZ8, ~b ~ ad Cy
br

areassumedto

be zeroandhavebeenneglectedin~quatio~(l).

Thecharacteristiccontrol-fixedstabilityequation,obtainedby
expandingthedeterminantofequations(1)isoftheform

The

A=

B=

c=

D=

(2)AA4+Bx3+cA2+Dk+E. o

coefficientsA, B, C, D, and E are:

( )
81.Lb3KX2KZ2- KM2

(
-~b2 2KX2~%Y + KX%nr + ~% 2P- 2Kn~yp - KmC~r- KmC%

,$ )

(
Ac c~~b~%nrcy~ + %KX%~ + %% ZpcYp+ a%p - KmC~rCyP-

% KnC~ -~c c - c K@yP + Ky#
P 2%zr% n&Yp - %%pc Zp-

)‘X%rcI@ +‘xZ%*c2P

lCCC-F%2pq3

E=
[

~ccc2L~Ze- Czcr% ( 1+‘a 7CZPC% - cnPc%

Ifanauxiliarydampingdevicewithzerophaselagwhichapplies
ruddercontrolproportionaltothenthderivativeoftkeyawingorroUg
displacementisassumedinstalledintheaircrafi,theequationfor ~
as a functionof % ‘s

-> .----— .. -—- .-. —.---.—. -— ... . .—----- -------- ..--— — ------ -—.--— ---- ------- ---- -
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(3)

abr abr
The terms —and— srethecontrolgearingratiosofthe

a~nv” a~y
.

autopilot.

Similarly,ifanauxilisrydampingdeticetithzerophaselagwhich
appliesaileroncontrolproportionaltothenthderivativeoftheyawing
orrollingdisplacementis assumedinstalledintheaircraft,the
equationfor ba asa functionof ~ is

(4)

Theauxiliarydamperswhichwereinvestigatedincludethefollowing:

Ruddercontrolap@iedproportionaltoyawingVelocityo- Theequation
abr

for br fromequation(3)is br= — %v. Ifthisvalueof br isa~~
abr

substitutedintoequations(1),theterm C — ~’+ isintroduced
~ a~~

intotheyawing-momentequation.Thistermeffectivelychangesthe

stahility derivative
c“’

by theincremeti

inaftercalledCnr damper).Thefollowing

thecoefficientsofequation(2):

A4=o

~ . ‘@b2~2Nnr

abr
~% = 2 ~ C%. (here-

termsareintroducedinto

(AC = v KX%yp + ~ c2p)Mnr’

(
fyj. *C ZPCYP-

cZp%p)%’

.

. -—- ..—. —._— ——— -. —-——-.——-———-
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Ruddercontrolappliedproportionalto rollingvelocity.-The

equationfor br

thisvalueof &

tive C
%

by the

abr
fromequation(3) is ~ = — D#. S@stitutionof

aD@
intoequations(1)effectivelychangesthederiva-

abr
amount&n = 2

‘~~ c%
(hereinaftercalledCnp

P
dsmper). Thecoefficientsofequation(2)arechangedby theamounts:

AA=o

N3 = &K#c%

(Lc )
.,

~=-~bz%?‘Kucyp‘np
AD=

(
PbC2P+ * c2rcYp

)
- * cZ~cyr%p

Aileroncontrolappliedproportionalto rollingvelocity.- The
aba

equationfor ba fromequation(4)is ba = — 1+#. Substitutionof
a~ff

thisvalueof F5aintoequations(1)introducesan incrementto the

stabilityderivativeCz whichiS NZ = 2
P P

calledC2Pdsmper). Thefollowingtermsare

of equation(2):

AA=o

addedto thecoefficients

,.

-. .-. . . . --—- .—----- . .. .. —- ..-. —_ . .. ... ... . . ..—.—. ...__ .,----- . . .. . .
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Bothaileronandruddercontrolproportionalto rollingvelocity.-
Theequationsfor ~a.
X2 darqx?randthe

P
changedby theamount

changedby theemount

and br, respectiyely,arethesameasforthe

%? y“
Thus,thederivativecl is

P
X2 .2 ULC28,

b@ a
andthederivativeC. is

P
abr

%=2 W&$ c%
(hereinafter

damper).To thecoefficientsofequation(2)areadded
forboththe N and LC2 dampers.

‘P P

3

calledC2C
P%

thetermslisted

Ruddercontrolappliedproportionalto rollingacceleration.- The
abr

equationfor br is 5r=— Db~. Thisauxiliarydampertherefore
aD#$

changestheprsmeter Ku intheyawing-moment‘equationby theamount
abr

m~=-— — (hereinaftercalled() )
Kn ~ damper. The

2;bc% ~~% .

parameterKm intherolling-momentequationisunaltered.The
followingtermsareaddedtothecoefficientsofequation(2):

5
~ = -8~3Kn(mm)YM

~ = @b2(m~cy~ + c2r)(Mm) ~

( -illbc2P - c~%p)(%&’MAC = ~ cyrc2B
r

ZsE=o

RESULTSANDDISCUSSION

Themassandaerodynamiccharacteristicsof
forthecalculationsarepresentedintable1.

theaircraftselected

-— —-—.——.—-.. _— —- —. .—
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EffectofAssumedAuxilisryStabilizationSystemsonPeriod “

andDampingofLateralMotions

c%
damper.- Thevariationof thedampingoftheaperiodicmodes

ofmotionandtheperiodanddampingofthelateraloscillationas ‘%
is increasedfroII-Oto -3.20arepresentedintableII. Thecondition
AC% = O correspondstotheaircraftwithno auxiliarystabilization.

Thedampingofthelateraloscillationcontin&sto improvethroughout
therangeof AC% investigated.For Al@ = 0, oneoftheaperiodic

modesisapproximatelyneutrallystable.Thismodeisgenerallyreferred
to asthespiralmodeofmotionand,as &lnr isincreased,thedamping

ofthismodebecomesmorepositive.Thed’aqxlngoftheremainingaperi-
odicmodeisrelativelyinsensitiveto changesin N 4“ An upperlimit
Of ACnr maybe reached,however,beyondwhichoscillatoryinstability

willexist.Thisresultisdueto thefactthat,as LY3nrbecomes

increasinglylarger,thedegreeof freedominyawiseffectivelyelti-
inated,andtheaircraftstabilitycharacteristicsapproachthose
obtainedby assumingfreedomonlyin rollandsideslip.Thecharacter-
isticequationofthissystemisoftheform.

a~hs+ a2h2+ a A + ak = O3
.

Theconditionforoscillato~stabilityof a cubic,thatis,Routh’s
discriminant

‘1

Forthe
follows:

.

1-

fora cubicequationis

(R= a2a3-~a~)>o

casebeingconsidered,thecoefficientsaredefinedas

al = ~%~2 .

(
%

)
a2 = ‘PbC2P+ ‘X y~

(
.Aczc

)a3 2 p%-c$3cyP .“ .

a4= -CLCZB

----- . ... . . . .- —.. -—. - . .. —- .—. .—. ..—. _._. .— -..—— ..—___ —— .-— .. ...— ---- ---
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Sticep~j cLj - KX2arepositive,CZ and
P

tive,and Cy = O fortheairplanediscussed,R will
P

c2P ismorenegativethan

Fortheaircraftdiscussedinthis
c~ = -o.11~.Sincethevalueof Cl
P $

+ 2Kx’%y)P

CyP arenega-

be negativeif

paper,thislimitingvalueis
usedinthecalculationsis

-0.126,thesystemwouldapproachanunstableconditionas ‘%
became

verylarge.

Cnp damperO- Thestab$lityderivativeCnp hasbeenshowntoWve

a significanteffeetonthedampingofthelateralosci.llation(refer-
ences4 and5). In viewofthisfact,anauxiliarydamperwhicheffec-
tivelyvariesc%

wasinvestigated. Theeffectontheaperiodicand

periodicmodesof-motionas ACnp isvariedfrom-0.38to 1.02is

presentedintableIII. As-M ~ is increasedpositively,thedamping ,

ofthelateraloscillationcontinuesto improvej tiereastheperiodis
relativelyunchanged.Theeffectontheaperiodicmodesis suchthat,
forsometiue of 0.62<N% < 0.82, thesemodescombineto forma

long-periodoscillationwhich-veryrapidlybecomesunstableforaddi-
tionalincreasesin N

%“
ThefOI’matiOhofthissecondoscillationis

discussedin detailinr;ference4. Thus,thistypeof systemisvery
effectiveinincreasingthedampingofthelateraloscillation,bukcare
shouldbe takennotto usegearfngratioswhichwillresultinvalues
of AC

‘P
greaterthanthevaluerequired’forformationofthelong-

periodoscillation,sinceforfurtherincreasesin N% thislong-

periodoscillationbecomesunstableandsubsequentlybr&ks downto form
twounstableaperiodicmodes,oneofwhichrapidlybecomeshighly
divergent.

cl damper.- Theresultspresentedinreference1 indicatedthat
P

thederivativeCz isineffectiveas a meahsof improvingthedamping
P

ofthelateraloscillation.Forincreasesin CZp, however,thedwm

— ..— —.— .. _-—_. — .—— _——
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ofoneofthe
propofiionto

aperiodicmodeswasfouud
increasesin Cl . These

P
aircraftconsideredinthecalculations

13
.

to increasealmostindirect
resultswereverifiedforthe

forthispaperbutarenot
presented.Fromtheseresults,ita~pearedyrobablethat,if CZ were -

P
increasedsimultaneouslywith Cnp) theformationofthelong-~riod

oscillationdiscussedinthesectionentitled“Cn damper”wouldbe
P

delayedto largervaluesof LX!%, witha resul;ingincreaseinthe

dsmpingoftheshort-periodosci-~ation.Consequently,a configuration
whichincreasedboth C

%
and Cl wasfivestigated.

P

C%czp‘-r” - ‘or,‘2P = -0.40, the effectof X
%

onthe

stabilityofthelateralmodesofmotionas N
%

isvsxiedfrom-0.38
to 1.82 ispresentedintableIV. Aswaspredicted,theformationof
thelong-periodoscillationwasdelsyedto a considerablyhighervslue
Of ACnP

~d theobtainabledampingoftheshort-periodoscillationwas

alsoincreased.

&&2Y2- As waspointedoutinthesectionofthepaper

entitled“EquationsofMotion,” thistypeof stabilizationsystemeffec-
tivelyincreasesthevalueof Km intheyawtng-momentequation.The
resuitspresentedinreferences6 and7 indicatedthat Km (product-
“of-inertiaparameter)hasa stabilizingeffectonthedampingofthe
lateraloscillationiftheprincipallongitudinalaxisisinclinedabove
theflightpathatthenoseoftheairplane(K= > 0). Theresultsof
reference6 alsoindicatedthattheparameter’fivolv& K= inthe
yawing-momentequationwasprimarilyresponsibleforthestabilizing
effect.Itwasbelieved,therefore,thatiftherudderweredeflected
proportionaltotherollingaccelerationanappreciablestabilizing
effectonthedampingofthelateraloscillationwouldresultsincethe
valueof Km intheyawing-momentequationwouldbe increased.The
ratioB/A, whereA and B &e coefficientsofthecharacteristic
equationofthesystem(seeequation(2)) isttienegativdsumofthe
dsmpinginthasystem,and,forthe

(J
K= ~ damper,thisratiois

,. .—. ., .-— ---- —.,.—- .- . .. . .. ...—. -.. .-. — ..—..—— .
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Thequantities~, K#, %2, CZr, &nd

Wp> c%> CZp>~d Cnp arenegativefor

discussedinthispaper-.Inaddition
(c&
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()‘X2 YMarepositive,and
theairplaneconfigurateion

+ c%) > 0 forthisairplane
andthequantity

(
KX2KZ2-

)
Km* > 0 &d iseq&l to K%~02 forall

flightconditions.~ parameter~ ispositiveforflight-conditions
wheretheprincipalaxisisabovetheflightpathatthenoseoftheair-
planeandnegativeiftheprincipalaxisisbelowtheflightpath.As

()%2 YM approachesinfinity,

if

theratioB/A

kiln

approaches‘tti-value

cZr

)‘~

121>21CJtheratio“B/A isnegativefor Kn > O; hence,

systemis’uns~ableas W&M becomeslarge.Infact,as canbethe
seenfromthegeneralexpressionfor B/A, thisratioshiftsfromposi-
tiveinfinityto negativeinfinityas (AK=)~ passesthroughthevalue

.
Kx2~2-Km*

AK~~= ,% >0, andwillremainnegativeunless
K=

h)lcq
—<2cy .Km P

Thus,it isnecessarytousea gearingsuchthat,for

thehighe~ angle-of-attackcondition&ticipated,thecoefficientA
willstillbe positive,since,if A < 0, thesystemwilldefinitelybe
unstableiftheothercoefficientsarepositive.Forflightconditions
where KM < 0, theratioB/A willremainpositiveas (m=)~ ‘s
increasedwithoutlimit.

Therootsofthecharacteristicstabilityequationas (L!Kn)~
approachesinfinitycanbe showntobe twozerorootsandtheroots

If K=.> O, onerootisnegative,andoneispositive.If Km < 0,
therootsarea complexpairwiththerealpartnegative,ortwonegative
realroots.

. ..— ——.—____ ——— .—— — .——z. —- .-—. — . . ——. ____ ____ . .



NACATN 2565 15

Theprincipal-axislocationfortheairplanedescribedintableI
is2°belowtheflightpath,and,hence,Km < 0. Forthisprincipal-
axislocation,theeffectonthestabilityofthelateralmodesof
motionsas ()AK~ ~ isvariedfromO to O.~ is shownintableV. The
dampingoftheoscillato~modeincreasesveryrapidlyas (AKm)m is
increased,buttheperiodoftheoscillationbecomesincreasinglyshorter.
Oneoftheaperiodicmodes(spiralmode)isessentiallyinsensitiveto
changesin (“XZ)YM;whereastheremainingaperiodicmodebecomescon-
siderablylessdampedasthisparameterisincreased.Torpurposesof
comparison,theprincipal-axislocationwasarbitrarilyassumedtobe 2°
abovetheflightpath (K= > 0),andtheeffectonthestabilityofthe
lateralmodesofmotion,.forthisprincipal-axislocationas (%2)YM
variesfromO to 10.00,is shownintableVI. Thevalueof (AK~)~
forwhichthe’coefficientA changessignis0.34.For
0.05<AKz <0.30 thedampingoftheoscillationimprovesmorerapidly
withchangesin (AK~)~ forthisprincipal-axislocation’thanfor
7 = -2° and,correspondingly,theperiodoftheoscillationdecreases
muchmorerapidlythanforthepreviouscondition.As wasnotedbefore,
oneoftheaperiodicmodesisrelativelyinsensitiveto variationsh

(%)YM; whereastheremainingaperiodicmodebecomesconsiderablyless
stableas (%&M isincreased.For (&~)~ = 0.33,’theoscillation
hasbecometwostableaperiodicmodesand,for (%2)YM’0*34J ‘roof
thenewlyformedaperiodicmodesbecomeshighlydivergent.As this
parsmeterisincreasedbeyondO.~, theoriginalaperiodicmodescombine

1- to forma long-periodoscillation,which,as (~~)~ approaches
infinity,approachestheconditionofzerodamping,andzerofrequency.
Theremainingaperiodicmodes,as (m~)m approachesinfinity,approach
thevaluesdiscussedpreviouslyand,forthisflightcondition,are
T2 = 0.0296secondand T = 0.0371second.Theresultsshownin
tableVI for (“=)~ ‘~= 1000 verifytheseconclusions.

EffectofAssumkdAuxiliaryStabilizationSystemsonAircraftLateral

MotionsSubsequentto anAppliedYawingorRollingMoment

Generalcharacteristicsoflateralmotions.-Eachofthestabiliza-
tionsystemsdiscussedintheprevioussectiongavean appreciableincrease
inthedampingofthelateraloscillationfortherangeofparameters
investigated.Aswasmentionedpreviously,however,theacceptability

. ofeachassumedauxiliarydampingdevicewoulddepend,to a largeextent,
onthelaterd-respo~echaracteristicsoftheautomaticallystabilized
systemsubsequentto controldeflections.Thelateralmotionssubsequent

.— .. ---- .— .-— ----------- .-—.— — .- —--- .-_.. —— - —- —- . .. - .- - - —-— .- .-
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to a constamt-gteprudderdeflectionof -3.5° (Cn= 0.01) andto a
conetant-stepailerondeflectionofapproxhately-60 (C2= 0.01)
thereforewerecalculatedforthebasicaircraftwithno automatic
stabilizationandfortheaticrsftequippedwitheachofthediscussed
stabilizationsystems.Thecontrolad stabilizationsystemsparameters
assumedforthecalculationsareasfollows:

Cnsr= -0.163

c28a= -0.10

K ( )~= -0.80 C% damper

%P (%= 0.62 c damper
)

( )C=PCZP‘-r

)
damper

Thelateralmotionswerecalculatedby themethodsofreference8, and ~
thegeneralformofthesolutionsforthetypeof disturbancesunder
discussionare:

where ~0) ~nj (%v)o~ ~%$~n~ ‘d (%@)n me con~mte, andthe
Xn’s arethelinesrandd stinctrootsofthecharacteristicequation ‘
(equation(2]) ofthesystemsetequalto zero.Fora completelystable
system,thereal ~’s arealllessthanzeroandthecomplex~’ s

.

k. ——— ——. . --
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allhaverealpartswhicharelessthanzero.Thus,itisevidentfrom
equations(7)thatas ~ approachesinfinity,P approachesPO,

%$ approaches(~$oj ~ ~P approachesO fora completely
stablesystem.

Fortheresponseto a yawing-momentcoefficientCD thesteady-
statevaluesof ~o/Cn and D.#o Cn are

and,fortheresponse
statevalueof fro/Cl

P. clr
—=Cn C+cZp-czrc~,

~$o _
-2C‘P

Cn Cnrc2
B - Czrc%

to a rolling-momentcoefficientC1, thesteady-
and ~+o/CZ are

Db$o ‘%—=
Cz Cnrc1B

- c~rcw

Therefore,ofthestabilizationsystemsdiscussedinthispaper,onlythe
c s thesteady-statevaluesof P and ~~. ThisresultC% systemaffet

isdiscussedinmoredetailina subsequentsectionofthepaper.

Theinitialyawingandrollingaccelerationsdueto a stepdeflec-
tionoftherudderare:

&= Y3Kz Cn
dt2 b22h (KX%Z2-K~2) - (mK7)YMKXZ

&=. v2%z——
dt2 b2 m~

Cn

(KX2KZ2- Km*) - (~XZ)y@U

.

. .. . .. . . .. . . . . . . . -. -—-. —- ..— — . .. . . —— — —— .. . — .-__— _ ...-— ——. ....
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Thepsrameter()MM ~ istheincrementto Kn inthe
equationintroducedby the.()Km YM auxiliarydamperand
zero-foranyothersystemdiscussedinthispaper.Thus,

IhlCATN 2565
.

yawing-moment
isequalto
onlythe

()Km ~ systemaffectsthe.initial‘yawingandrollingaccelerations
when-a yawingmomentisapplied.Forthebasicsystem(noautomatic
stabilization)andfortheotherconfigurationsconside~d,theinitial
yawingaccelerationisofthesamesignalgebraicallyastheapplied
yawingmoment.Therollingaccelerationis seento dependonthesign
ofboththeappliedyawingmomentandtheparsmeterKxz. Asmentioned
previously,K= isnegativeifthep?ticipallongitudinalaxisis
below.theflightpathatthenoseoftheairplane;heue$ forthea~Pl~e
flightconditionoftableI,theinitialrollingaccelerationisalso
ofthesamesignastheappliedyawhg moment.Forthe [)

Km ~ damper
theinitialaccelerationssrealsoalgebraicallythesameastheapplied
yawingmoment(sinceKm < 0),butthemagnitudeoftheaccelerations
isreducedbecauseoftheincreasedvalueoftheterm

(KX2KZ2- KW2) - (AK=)+=, whichappearsinthedenominatorofthe
expressionkforbot’htheinitialyawingandrollingacceleration.The
initialyawingaccelerationforallthed-rs considered,withthe
exceptionofthe ()K= yM damper,isindependentofprincipal-axis
inclinationsincethefactorKx2~2 - Km2 isequalto K~~02 which

isa constantfora givenairplme. Theinitialrollingaccelerationis
seento dependdirectlyonprincipal-axisinclinationbecauseofthe
parsmeterK= intheexpressionfortheinitialrollingacceleration.
Thus,ifthe ()Km ~ systemistobe usedforautomaticstabilization,\
it isnecessa~”to choosea valueof ()AKXZY-Msuchthat,forthehigh-
e~ angle-of-attackconditionanticipated,thefactor

(2KKx Z2-K= 2,- (~xz)yll%\willnotbe algebraicallynegativesincej
~fthischange’occ&sjthe~tial accelerationsnotonlyarereversed
but,aswaspointedotipreviously,thesystemshiftsfroma verystable
to a veqyunstablecondition.

Similarly,theinitialrollingandyawingaccelerationssubsequent
to applicationofa rollingmomentare:

.

&_v*%2 C2.——
dt2

(
b2 @b Kx2~2 - K~2) - (A@y#xz

d2$ V2 c~ )Km+ AKnm
—= _——
dt2

(
b2 @b Kx*~* - K~2) - (AK~)y#xz

\

— ——— .— ——-.
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Therefore,ineverysystemexceptthe (Ku)~ system,theinitial,
rollingaccelerationisindependentofprincipal-axislocation;whereas
theinitialyawingaccelerationdependsdirectlyontheprincipal-tis
locationthroughtheparameterK=. Forthe (KH)~ system,the
initialrol.li~accelerationdecreasesinmagnitudeas ()%Z YM
increasesif Km< 0, and,for Kn> O, therO1-l@acceleration
increasesas (%Z)YM increasesand,forthisairplane,approaches
infinityasthisparameterapproaches0.34.Beyondthisvalue,the
accelerationsaredifferentin signthanforvalueslessthan0.34,mdj
asbefore,-theairplaneishighlyunstablefor (AKH)~> 0..34.The
samegeneralconclusionsapplyfortheinitialyawingacceleration
exceptthat,for Km< O, theyatig accelerationispositiveif

l(~dml<pi andnegativeQ theinequalityisreversed.In

addition;the&ebraic signoftheyawingaccelerationchangesagain
for (AKm)~=0.34.

Lateralresponsesto Cn = O.O1.- Theyawingvelocity,rolling
velocity,andsideslipresponsessubsequentto applicationofa constant
yawing-momentcoefficientCn equalto 0.01arepresentedinfigure1
fortheaircrafteguippedwitheachoftheasswnedstabilizationsystems.
Theresultsareplottedintermsoftimein secondsinsteadofthenon-
dimensionaltimeprameter ~. Themotionsareplottedfor3 seconds
onlysincethetimeimmediatelysubsequent’to duplicationof controlis
ofmostinterestfrcnntheconsiderationof lateralcontrollability.The
applicationof a positiveyawingmomentinitiallyhtrodu”cespositive
yawingaccelerationandpositiverollingaccelerationsinceK=< 0. The
initial peakyawingvelocityforthebasicsystemshowninfigurel(a),
isabout10.5°persecond.A reductioninthepeakvelocityisevident
forboththe C% and K(d ~ dampers;whereasan increasedyawing
velocityisnotedforthe Cnp andthe C CZ

‘P p
cotiiguratjons.The

reducedvelocityforthe C% and ()K~ ~ systemsisduetothefact
thattheyawingmomentsintroducedby thesesystemstendto opposethe
initialyawingacceleration.Theincreasedyawingvelocityforthe C

%
andthe CnpCZPsystemsresultsfromtheyawingmomentdueto rouing-

veloc~tyjwhichis inthesamedirectionastheinitialyawingaccelera-
tion. Thepeakyawingvelocityforthe C C

%%
damper,althoughhigher

thanthebasicsystem,islessthanthatnotedforthe Cn
$

system,since
therollingvelocityforthe C C

% Zp
damperisreducedapreciably

becauseoftheincreaseddampinginrollintroducedby theincrementto
1- CZD and,therefore,themagnitudeoftheyawingmomemtdue torolling

is-somewhatless.

. . . ... . . . . . ---- .. —.--—-— —-- .—-— .——. .. . _—. . ....— . ---- ... ...— - —- -—
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Therolling-velocityresponseserepresentedin figurel(b).The
rollingvelocitiesobtainedwiththe C

%
auxiliarystabilization

systemaremuchhigherthanforaqyoftheotherconfigurationsinves-
tigated.Thisresuitcsmbe attributedtothecontinuousreinforcement
oftheyawingmotionby the Cnp damper,whichresultsinan increased

rollingmomentduetoyawingvelocityandalsoan increasedrolling
momentdueto sideslip.ThepeakroJlinnvelocityobtainedforthe Cnr
systemislessthanthebasicsystemsincetheyawingvelocityis
reducedsomewhatand,hence,therollingmomentduetoyawingis smaller
thanforthebasicsystem.Inaddition,therollingmomentdueto side-
slipisalsolesssincethesideslipisreducedforthe

c% damper

(fig.l(c)).Thedecreaseh rollingvelocityforthe Cn Cz damper,
Pp

asmentionedpreviously,isattribtiedtotheincreaseddampinginroll
dueto theincrementtothederivativeC2P. Therollingvelocityfor

the (Kfi)~ systemislessbecauseofthedecreasedrollingmomentdue
toyawingandalsobecauseofthereducedrollingmomentdueto sideslip.
Ingeneral,theaircraftequippedwiththe Cnp damperrespondsmore

quicklyto rudderdeflectionsthananyoftheconfigurationsinvestigated;
whereasa definitereductioninthemagnitudeoftheaircraftmotionsis

(dnotedforthe K ~ system.Theaircraftequippedwiththe C%

damperappearstobehavesimilartothebasicconfigurationandthe
motionssreconsiderablybetterdamped.

Lateralresponsesto CZ = 0.01.- Thelateralresponsesd@/dt,‘~,

and d$/dt subsequentto a constad-steprolling-momentcoefficientequal
to 0.01arepresetiedinfigure2. Theapplicationofa positiverolling
momentinitiallyintroducespositiverollingaccelerationbut,aspoirrted
outpreviously,theinitialyam accelerationis dependentuponthe
valueof Kn. Since,fortheflightconditiondiscussed,Km is
negative(airplaneprincipalaxisbelowtheflightpath)theinitial
yawingaccelerationispositiveforeverysystemexceptthe (K*)*
system.Thevalueof ()AK= ~ chosenforthecalculationsis such
tht (K= + (AK~)~) >0; hence,theinitialyawingaccelerationis
negativeforthissystem.Thisconclusioni~illustratedinfigure2(c).

Fromfigure2(a),thepeakrollingveloci~forthe Cn#Y stemis

muchhigherthemfortheothersystemsinvestigated.Thehigherpeak
velocityisdue,asexplainedpreviously,to thecontinuousreinforcement
oftheyawingmotionby the

c%
damperandtheaccompanyingincreased

rollingmomentsdueto yawfngandsideslip.

.. . . . .—.—— -.——. . —. .—
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me motionsforthe C% systemdonotdiffergreatlyfromthe
basicsystem,withtheexceptionoftheimproveddamping.Themotions

(Jforthe K ~ systemappeardefinitelylessdesirablethanthoseof
theother“system,andfromfigure2(c),theyawis seentobe adverse;
thatis,negativeyawingmotioniscoupledwithpositiverolling.The
rollingmotionforthe

C%C2P
systemis somewhatlessthanthebasic

system,andthisconditionis-undoubtedlyduetothehigherdampimgin
rollsuppliedby theincreasedvalueof CZ . Thus,aswasthecase

P
forthelateralmotionsmibsequentto an appliedyawingmoment,the
c% atiliarydsmperistheonewhichrespondsthefastestto an
appliedrollingmoment.

Determinationof

ZeroSideslip

RudderDeflectionNecess~ to Maintain .

Subsequentto anAileronDeflection

Additiona2calculatio~weremadefortheaircraftequippedwith
eachofthediscussedstabilizationsystemsto determinetherudder
motionnecess~ tomaintainzerosideslipsubsequent’toanaileron
deflection.Thisconditionisnecessaryfora perfectlycoordinated
turn,andtheeasewithwhichthismaneuvercanbe executedshouldhave
appreciablebearingonthepilot’sopinionoftheflyingqualitiesof
eachofthesystems.If itisassumedthattherespectivedamping
devicesaregearedtotheaircraftcontrolsurfaces,thetotalcontrol-
surfacemotionisa superpositionofthemotionsobtainedfromthese
calculationsandthemotionsinducedby theauxili~ dam~r. For
irreversiblecontrolsystems,or ifthedamperisgearedto an atiiary
surface,thiscomponentof-themotionwillnotbe apparenttothepilot
and,hence,willhaveno influenceonhisopinionoftheflyingqualities
ofa particularsystem.Thus,onlythatpartofthecontrol-surface
motionwhichmustbe inducedby thepilotisconsidered.Inorderto
determinetheruddermotionnecessaryfor P = O, thisconditionwas
substitutedintoequations(l). Therudderdeflectionbr wasassumed
tobe a variableandtheforcingfunctionwastheaileronrolling-moment
coefficfetiCz. Theresultingequa~ionswrittenindeterminantform
arefortheconditionthat Czb, Cy ,

%
cy8a> Cnba} CYP) .and Cyr

r
equalzero:

.

-.. ..- -.. —.- ——-- ------ —.. —.— ---——— -——— -——- -—- —-—.- ———- -“— -- ------- -—-—-
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5r
—

Cnp% -C%r

cZp%l o

0
—

. (6)

Forthe‘parametersgivenintable1,andthestabilizationsystem
derivativesgivenin-the-sectionentitled“EffeetofAssumedAuxiiisry
StabilizationSystemsonAircraftLateralMotionsStisequentto an
AppliedYawingorRollingMoment,” theruddermotion~ wascalculated
fromtheseequationsforeachassumedconfiguration.Theaileron
rolli&-momentcoefficientCz wastakenas0.01.Theseruddertime
historiessmepresentedinfigure3. The ~ motionrequiredto
maintain~ = O isconsiderablydifferentforeachofthestabilization
systemsinvestigated.‘e c% Wtiem,howeverz.differsverylittle

fromthebasiccase.Alsojmibsequentto t = 1 second,the br motion
forthe ()Km ~ systemissimilartothe Cnr andthebasicsystem.
Thelargenegativerudderdeflectionsreqdredinitiallyforthe ()% YM
systemaredueto theadversesideslipnotedinfigure2(b).Therela-
tivelylargedeflectionsrequiredforthe Cnp configuration,aswell

asthe C=PCZP
system,areconsistentwiththe ~ motionspresented

infigure2(b)forthesesystems.Therudderdeflectionsrequiredfor
the C

%
damper,althoughhigherthanfortheothersystems,srenot

believedtobe excessive
therudderdeflectionis
pilot’sviewpoint,would
13=0 forthe C and

%
whichwouldincreasethe
stabilization.

and,inaddition,subsequentto t = 1 second,
essentiallyconstant.Onedisadvantage,froma
be thattheruddermotionrequiredtomaintain

C%c‘P
dampersis similartothemotion

sideslipfortheaticraftwithoutautomatic

Rudder=d AileronDeflectionsNecessary.toPerform

SteadyTurn@ Maneuvers

Whenthelateralcontrollabilityof anaircraftisanalyzed,@
investigationofthecombinationsofrudderandailerondeflections

— — . .- . -. —
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requiredto perfomsteady-stateturningmaneuvers.isoftenuseful.In
sucha maneuver,%$, %?, %+, ~d ~~ we allzerofora
completelystable@rplane.Fora perfectlycoordinated*urn,another
conditionwhichmustexististhat ~ = O. Fortheseassum@ionsand
theconditionsnotedfor Cl , Cy )Gr ~ %&j W5a) Cyp) @ Cyr)

equations(1)pducetothe,following:

AC2 ~%$ + c~r~r = O (7a)

Fromequation7(c)

a@bGc+o (7C)

Substitutionofthisvaluefor %V
intheexpressions:

c~r% =

C258a =
a

or

ThestabilityderivativesCnr and

cd
q

intoequations7(a)and7(b)results

‘I@%

+

-c@c2

*

C?r
~

,:
c1 arenegativeandpositive,r

(8)

respectively.Hence,fora steadyturn-withzerosidesli~,therudder
momentandtheaileronmomentmustbe oppositeins~; thatis,fora
perfectsteadyturnthdruddermustbe held&o theturntobalance
otithedampinginyaw,andtheaileronmustbe appliedagainstthe
turnto counteracttherollingmomentduetotheyawingvelocity.

+

. . . . . . . . ...-, .—.. . . . . ._..—. - ----- -. .—-. . . . . . .—. ..--. -.— —e...———. . . . . . . . . . — -
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The ~
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stabilization

increasesthederivative

NACA‘TN2$5

~stemdiscussedinthispapereffectimly

c+
and,accordingto reference2,oneofthe

objectionablefeaturesofthistypeof systemistheincreasedrudder
pedalforceduringthesteadypartofturns.Thisincreaseinpedal
forceispredictedby equations(8),butitmightbe addedthatthe
steadyturncouldalsobe executedwithno increaseinrudderforceand

C%rbr
a decreaseinaileroncontrolsincetheratio— canbe increased

cl~asa
by decreasingba aswellasby increasing~. It isconceded,how-
ever,thatthesteadyyasdngvelocityandthesteadyangleofbankare
leasiftheCrat$isincreasedin.thisfashionratherthanby keeping

qr 1?
theratio constant. Thevaluesofthesteaiiy-stateyawing

c%
velocityandthesteadyangleofbankas obtainedfromequatione(7)
are:

(9)

Fromtheseequations,it isapparentthat,if c%
isincreased

artificially,thesteadyyawingvelocityisdecreasedif br isconstant.
Thevalueof ba, however,mustbe reducedto satisfytheconditionfor

a

a

a

C%r%
steadyturn — =

c2~a8a

smallerangleofbank

c%Also,thisreductionin %$ resultsin
<“

inthesteadyturn.

Theratioofrudderdeflectionto ailerondeflectionrequiredfor
steadyturnisreadilyseentobe t~ sameforeachoftheother

discuss~dstabilizationsystemsasfortheaircraftwithno automatic
stabilization;therefore,theproblemof increasedpedalforcesin
steadyturnswouldnotarisewiththeseconfigurations.

.

-- ..— —. —.—— —— ..—.— ——--. —————.——. . . ..——.—.
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CONCLUSIONS

Thefollowingconclusionswereobtainedfroma theoreticalanalysis
oftheeffectofvsrious_&ypesof atiomaticstabilizationsystemson
thelateralstabilityandcontrollabilityofa present-dayhigh-speed
aircraft:

1.Eachofthestabilizationsystemsinvestigatedremiltedin
increaseddampingofthelateraloscillationsoftheassumedaircraft.

2.Thelateralmotionsofeachconfigurationinvestigatedsubsequent
‘torudderorailerondeflectionsindicatedthata devicewhichdeflected
therudderproportionalte rollingvelocityCnp damperincreased

( )
considerablythesensitivityoftheaircraftto controldeflections;
whereasadevicewhichdeflectedtherudderproportionaltoyawing

(velocityCnr
)

damperaffectedonlyslightlytheaircraft-response

characteristics.Thelateralresponsescalculatedforthe.systemwhere
therudderwasassumedtobe deflectedproportionalto therolling
acceleration(( )K= ~ damper

)
wereconsideredunsatisfactorybecause

ofthepresenceof a lsrgeamountofadverseyawsubsequentto aileron
deflectio~.

3. Calculationsmadeto determinetheruddermotionreqwiredto
maintainzerosideslipsubsequentto an ailerondeflectionindicated
thatan increasedruddermotionisnecessaryforeachdamperinvesti-
gatedcomparedwiththeaircraftwithno automaticstabilization.The
cnp damperrequiredthelargestrudderdeflections;whereasthedeflec-

tionsforthe Cnr damperwereonlyslightlydifferentfromthoseof
thebasicconfiguration.Therudderdeflectionrequiredforthe (K~)yM
damperisveryhighinitially,butafterabout1 seconditwassimilarto
thebasicand Cnr systems.

k. Ananalysisoftheratioofrudderangleto aileronanglerequired
forsteadyturningmaneuversindicatedthatuseofthe Cnr damperwould
result@ increasedrudderdeflectionsifitweredesiredto obtainthe
samesteadyrateofyawandbankangleasforthebasicsystem.The

.

---------- .... -.- .-.--—--- —- .-- . .. . . ..— — .—. — —— -. ---— ——— —-—— -. ——.- —.---— -—
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remainingconfigurationsinvestigatedwouldhaveno effectontheratio

ofrudderdefletiionto ailerondeflection
()
% requiredtopsrform
~

steadyturningmaneuvers.

LangleyAeromuticalLaboratory
NationslAdtisoryCommitteeforAeronautics

~w Field,Vs.,August29,1951
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TABLEI
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TABLEII

EFFECTOF C
4

DAMPERONlWIIOD

OFLATERALMOTIONS

ANDDAMPING

Lateraloscillation

T1/2 I
P

o
-.20
-.40
-.80
-1.60
-3.20

2.m
1.60
1.16

● 75
.44
.24

1.29
1.25
1.30
1.32
1.38
1.70

Aperiodicmodes

T1/2

59.2,0.175
32.4, .174
22.3, .174

—---- ---— ,------- -------- . .. ..-——— .— - ---- ..-— --. —-—- ----
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TABLEIII

EFFECTOF Cnp DAMEERONPERIODANDDAMPING

OFLATERALMWTIONS
.

Lateral.oscillation Aperiodicmodes

‘%
%/2 T2 P %/2 ‘2

{
87.20

-0.38 ----- 4.39 1.19 -----
0.14

6.97 ----
{

69.30
-.13 1.25 -----

0.16

2.9 ----
{

59.20
0 .1.29 0.18

l.%’ ----
{
51.40

.12 1.32 0.19

.62 .44 ---- 1.44
{

15.30
Q.61

-----

{

.33 ----

{

1.40 ----- -----
.82 .

12.80 ---- !29.70 ----- -----

.30 ----

{

1.37 ----- -----
.92

----- 4.20 51.90 ----- -----

{
IJ_.6 I

1.02 .28 ---- 1.34 ------
1.1

-----

-----

.

. I

—— — —-
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-0:40

-.40

-.40

-.40

-.40

-.40

-.40

TABIXIV.

EFFECTOF CnC2Pp RAMPERONPERIODANDDAMPING

OFLATERALMOTIONS

-0.38

●12

.62

1.02

1.42

1.82

kteraloscillation

T1/2

7.7

1.79

●86

.50

.22

{’.1812.90

.17

P.

1.20

1.30

1.5’0

1.83

2.20

1..84

31.90

1.63

31

Aperiodicmodes

*1/2

{

145.0
0.086

{

108.8
0.094

{

73.1
0.11

{

44.5
o.lk

{

15.5
0.53

-------

-------
.

-------

T2.

-----

-----

-----

-----

-----

-----

-----

{

11.20
1.25

.— . . ...- . .. -------- . . . . . .-. —. _— .-. —.—
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TABLEV

EFFECTOF (K=)~ D-R ON~~OD

OFLATERALMOTIONS

h = -2!!

(.’) m

.

o“
.0082
.0250
.0410
.0820
.4000

ANDDAMPING

Lateraloscillation I Aperiodicmodes

T1/2 I P I ‘1/2

2.58
.89
.51
.42
.36
.30

1.29
1.14
.92
●7’9
.63
.40

59.2, 0.175
59.2, .23
59.0, ●39
58.9, ●55
58.5, ●95
55.1, 4.35

v
TABLEVI

%&M

o
.O’j
.10
.20
.30
.33
.40

10.00

OFIJWERALMOTIONS

L’zq

I 1
Lateraloscillation

T1/2

1.46
.27
.18
.08
.02

{
.01.1
.0027
.020
.0366

‘2

------
------
------
------
------
------

0.0076
.0289

--i

Aperiodicmodes

P T1/2

1.23 B.1, 0.19
.63 %.7, .69
.44 58.2, 1.16
.25 57.1, 2.16
.14 56.1, 3.20

---- I 55.8, 3.51 I

—— . ..— — —
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